Abstract: Compared to wired networks, the communication bandwidth in the wireless networks is limited. In trying to achieve QoS guaranteed wireless services, efficient utilisation of bandwidth resources becomes a fundamental issue. A number of channel allocation schemes have been proposed to fully utilise the wireless bandwidth, but many of them just proposed the channel allocation scheme without presenting a specific channel allocation model. In this paper, we propose and analyse three different channel allocation schemes for wireless networks. We build three system models based on a two-dimensional Markov chain to compute the performance of base station in terms of the new call blocking probability, the handover dropping probability, and the channel utilisation.
Introduction
Wireless communication technology has gained widespread acceptance in recent years (Lindemann and Thümmler, 2001) . A lot of services which are provided by the wired network have been supported by the wireless equipment. With different network services, the demand for supporting multi-type traffic applications in wireless network has increased dramatically. To achieve QoS guaranteed wireless network service, it is important to provide an effective bandwidth allocation scheme, which not only fully utilises the scarce wireless bandwidth but also minimises the call termination probabilities and call blocking probabilities.
A wireless network is composed of several base stations through which the wireless equipment connects to the network. The radio coverage of each base station is called a cell, just like a Personal Communication System (PCS) (Fang et al., 1997; Lin et al., 1994) . Within each cell, there are mainly two classes of call traffic: new call and handover call. A new call is the one which is generated in the current cell, while a handover call is the one that is generated in another cell but transferred (handed over) into the current cell (Panoutsopoulos and Kotsopoulos, 2002) . When a call enters into the radio coverage of current cell, the channel allocation scheme decides whether the attempt of this call can obtain an available channel or not. If not, the call is dropped immediately. Once a channel has been assigned to a call, the channel will not be released by the call until the call is finished or handed over to another cell. Handover represents the process of changing some radio parameters of the channel (e.g., frequency, time slot, and spreading code) occupied by an existing connection. The handover process is often initiated either by crossing a cell boundary or by a deteriorated quality of received signal on the currently employed channel. For network users, it is better to block a new call attempt than to drop an ongoing call (Tekinay, 1991) . The interruption of an ongoing call should be considered to be more serious than blocking an attempt of a new call. Due to the scarce resources, with more traffic, the residual capacity of the cell's size gets smaller and smaller, which may increase the call handover frequency (Lin et al., 1991) . For example, the IMT-2000 system uses a microcell structure with a diameter of a few hundreds of metres, which incurs more frequent handover and limits the performance of the wireless cellular network (Agrawal and Zeng, 2003) . Therefore, it is important to balance the QoS of base station and the number of mobile devices served. Different handover strategies have been proposed in literature (Tekinay, 1991; Lin et al., 1991; Chiu and Bassioni, 2000; Ortigoza-Guerrero and Aghvami, 1999) . These works assign higher priorities to handover requests with reserved channels and demonstrate that the handover prioritisation schemes are very efficient in improving the QoS of wireless networks. While these previous works focused on how to assign higher priorities to handover call, there is little discussion about how to model the channel allocation process of the base station. Lopez-Mellado models the channel allocation process with a Petri network (Mellado and Molina-Ramirez, 1995) . In Fantacci (2000) , the handover attempts are queued according to the FIFO policy, and the status of the queue is analysed with a simple Markov chain. Since there is little discuss about the reserved channel allocation and there is no efficient metric to evaluate the performance of channel allocation scheme, this paper proposes three channel allocation models for three different channel allocation schemes. A performance metric of Grade of Service (GoS) is introduced to analyse the performance of the base station. The performance of the channel allocation scheme is also analysed with regard to new call blacking probability, handover call dropping probability, and channel utilisation. Meanwhile, an effective method is also provided to find out the optimal number of reserved channels in an iterative way.
The rest of the paper is organised as follows. Section 2 introduces the general channel allocation process and proposes three channel allocation schemes. The analysis of the performance of base station with different channel allocation schemes is presented in Section 3. The method of finding out the optimal number of reserved channel is provided at the end of the section. Some performance results are presented in Section 4. Section 5 concludes the paper and discusses the future research.
Channel allocation process and models
For simplicity, we consider a system with homogenous cells and a fixed number of channels which are permanently assigned to each cell. In such a system, we focus our attention on the channel allocation process of base station with two types of traffic: new call and handover call.
There are some channel allocation schemes (Fantacci, 2000; Tekinay, 1992) which exclude reserved channels for handover calls. In these schemes, handover calls will share all channels with new calls (see Figure 1(a) ). We name all schemes without pre-emptive channels as NPC. The elimination of reserved channels leads to more efficient resource utilisation. Since all handover calls are very sensitive to interruption and have more stringent QoS requirements, many previously proposed approaches treat handover calls with priority (Chiu and Bassioni, 2000; Ortigoza-Guerrero and Aghvami, 1999) ; thus, a handover call is generally assigned pre-emptive priority over a new call through reserved channels (Chen et al., 2002; Li and Chao, 2004) . Therefore, it is a good idea to queue a new call and give way to the handover call. As illustrated in Chiu and Bassioni (2000) , the channels are categorised into Shared Channel (SC) and Reserved Channel (RC). SC can be shared by new call and handover call, but RC can only be allocated to handover call. In this case, when a handover call enters into the coverage of current cell, it can attain the available channel in RCs or SCs. We divide all channel allocation schemes with pre-emptive channels into two types according to the reserved channel allocation method: First SC (FSC) and First RC (FRC) (Du et al., 2005) . The FSC tries to allocate a SC to the coming handover call first. If all SCs are occupied, the cell stops providing channels to the coming new call and allocates RCs to the coming handover call. The FRC try to allocate available RCs to the coming handover call first. When there is no RC available, the handover call will share SCs with the coming new call. The channel allocation process is shown in Figure 1 (b) . Without loss of generality, we adopt some simplifications related to the distributions of the random quantities of interest. There are totally N channels in each cell, including m reserved channels and N -m shared channels. Handover calls and new calls are considered as originated in each cell according to the independent Poisson process with rates λ H and λ N , respectively. The call duration time, T e , follows the exponential distribution with a mean value of µ E and time, T h , that a call holds the channel and then will be handed over to the neighbour cells in each channel, and follows an exponential process with rate µ H .
Then we can derive that the hold time, T, for any assigned channel in a cell, is either the call duration time or the mobile device's sojourn time in the cell, whichever is less. It yields
From the equation above, we have
Assuming that the call duration is independent of the sojourn time in a cell, we have
Therefore, the probability density variable of T is
with the mean value
E H E t µ µ = +
No pre-emptive channel allocation scheme
If a handover call or a new call comes to a base station without pre-emptive channel, the cell will find any unused channel to assign to the call. Handover calls and new calls are treated with fairness. Only if all channels of the base station are occupied, the coming new call attempt is blocked and the coming handover call is dropped. We assume that there have already been k calls in the channel, where 0 ≤ k ≤ N, at this time. According to the notation described above, we can derive the number of arrival calls during the time interval (t, t + △t) to be (λ N + λ H )△t + o(△t) and the released channels to be k(µ E + µ H )△t + o(△t), where we generically denote o(△t) as a function of △t such that
Under the memory-less assumption, we denote p ij (t) as the probability of the number of assigned channels from i to j; it yields
According to the formulae above, we can derive the call arriving rate λ k and the leaving rate µ k as follows 
FSC (First SC) channel allocation scheme
This scheme aims to provide at least m channels to the handover call. The cell first allocates unused SC to handover call. If there are SCs available, the handover call will share SCs with coming new call. Only if all SCs are occupied, the coming new call is blocked and the handover call will be assigned with RCs. This allocation scheme assigns higher priority to handover call through reserved channel. According to the status of SC, two cases are analysed as follows:
• SC is not fully occupied at time t, i.e., k ≤ N -m: In this case, the coming handover call will share SCs with the coming new call. We can derive the transition state model just as NPC scheme, and then we have
According to the formulae above, the call arriving rate λ k,1 and the leaving rate µ k are as follows:
• SC is fully occupied at time t, i.e., k > N -m. At this time, all SCs are occupied, the coming new call will be blocked and the cell will allocate available RCs to handover call. Then, we can derive the transition state model as follows:
So call arriving rate λ k,2 and call leaving rate µ k in this case are expressed as follows:
In order to describe the transition state of FSC scheme, we denote s(t) and r(t) as the number of occupied SCs and RCs at time t, respectively. On the reference of the steady state of the above two cases, we can obtain a bi-dimensional process {s(t), r(t)} as a discrete-time Markov chain. According to above transition state equations, we can have the transition diagram of FSC (see Figure 3 ).
FRC (First RC) channel allocation scheme
This scheme aims to provide at most N -m channels to the coming new calls. Only if all RCs are occupied by the handover calls, the handover call will share SCs with coming new call. It means that the handover call will be first allocated with RC then allocated with SC. This allocation scheme assigns higher priority to handover calls by limiting the number of coming new calls. Assume that the number of allocated RCs is j at time t. According to the status of RCs, two cases should be considered:
• RCs are not fully occupied at time t, i.e., j ≤ m, the cell will allocate an unused RC to the coming handover call and allocate an available SC to the coming new call. So we should analyse the status of RC and SC, respectively. According to the notation described above, we can derive the transition state model of RC as follows:
Then the call arriving rate λ j and the call leaving rate µ j on queue of RC are shown as follows:
We consider the number of calls in SC as k at time t, and k ∈ [0, N -m] . In the same way, we can obtain the transition state model of SC as follows.
Then the call arriving rate λ k,1 and the call leaving rate µ k on queue of SC are as follows:
• RCs are fully occupied at time t, i.e., j -m. In this case, RC is saturated. The coming handover call will share SCs with the coming new call. If the number of calls in SC is k, k ∈ [0, N -m] at time t, then we can derive the transition state model of SC as
Then the call arriving rate λ k,2 and the call leaving rate µ k of SC can be attained as follows:
According to the above two cases, we can derive a two-dimensional Markov model to describe the transition state of FRC. The transition diagram of FRC is shown in Figure 4 . 
Performance metrics and analysis
Some existing algorithms analyse the channel allocation process by simple weight functions (Ramjee et al., 1997) . In order to stress the impact of terminating an ongoing call to the QoS of base station, we introduce GoS to analyse the performance of different channel allocation schemes, as illustrated in (Moreira and Nelson, 2001 ). Here, a punishment factor γ was introduced to intensify the effect of dropping a handover call.
where PB is the probability that a new call is blocked due to unavailability of a channel and PD is handover call dropping probability. Following the rational discussed in (Moreira and Nelson, 2001) , we set γ ∈ [5, 20] . Another metric is the channel utilisation, through which we can analyse the bandwidth usage of the base station.
According to the probability model we built in Section 2, we can obtain PB and PD of the three channel allocation schemes through their station distributions. The performance analysis of the three channel allocation schemes is illustrated in the following sub-sections.
No pre-emptive channel allocation scheme
Let p k be the probability that there are k calls in the cell. According to the state transition diagram in Figure 2 , we can obtain the stationary distribution of the probability model of NPC as follows:
We can derive p 0 of NPC as
According to the stationary distribution of NPC, we can derive the expected number of busy channels in the cell, L. So, the channel utilisation percentage α of NPC is described as follows:
The blocking probability PB that a coming new call finds all channels busy and will, therefore, be blocked is
The dropping probability PD that a coming handover call finds all N channels busy and will, therefore, be dropped equals the blocking probability of the base station. So, it can be seen
FSC channel allocation scheme
Let p k be the probability that there are k calls in the base station. According to the state transition diagram in Figure 3 , we can obtain the stationary distribution of the probability model of FSC as follows:
When SCs are not fully occupied, p k is 
By analysing the stationary distribution of FSC, we can derive the expected number of busy channels in the base station. So, the channel utilisation percentage α of FSC is described as follows:
The blocking probability PB that a coming new call finds all N -m shared channels busy and will, therefore, be blocked is
The dropping probability PD that a coming handover call finds all N -m shared channels and m reserved channels are busy, and will, therefore, be dropped is
FRC channel allocation scheme
According to the state transition diagram in Figure 4 , the stationary distribution of the probability model of FRC can be described as follows. Let j be the number of calls in RCs and k be the number of calls in SCs; then we show the following two cases.
Case 1: When RCs are not fully occupied, i.e., j ≤ m, in this case, we should analyse the status of RC and SC, respectively. Let p j be the probability that there are j calls in the reserved channel. According to the state transition diagram in Figure 4 , we can obtain the stationary distribution of the probability model of FRC as follows:
On the other hand, the stationary distribution of SC is deduced as follows. Here p k is the probability that there are k calls in the shared channel, then
Similarly, we can obtain the channel busy percentage α. The expected number of busy channels is the sum of busy channels in SC and RC, so the channel busy percentage α is derived as follows:
The blocking probability PB that a coming new call finds all N -m shared channels busy and will, therefore, be blocked is 0,
The dropping probability PD that a coming handover call finds m reserved channels and N -m shared channels busy and will, therefore, be dropped is
Case 2: When RCs are fully occupied, i.e., j -m. In this case, the coming handover call will share SCs with the coming new call. Let p k be the probability that there are k calls in the shared channel. According to the state transition diagram in Figure 4 , the stationary distribution of SC is derived as follows. 
In this case, we can have the expected busy channel of SC, then the channel busy percentage α can be derived as
The blocking probability PB that a new call comes and finds that all SCs are busy equals the dropping probability PD that the coming handover call comes and finds that all channels are busy. It can be derived as follows:
From the model analysis of FSC and FRC, we can see that the number of reserved channel, m, plays an important role in the performance of base station with pre-emptive channel. Since the stationary distribution of FSC and FRC are non-linear systems which can be numerically solved by means of an iterative method in order to derive the optimal value of m, we define the GoS of channel allocation scheme with m reserved channel as GoS(m) and the GoS difference equation between the performance with m reserved channels and m -1 (m ≥ 2) reserved channels as
The algorithm for FSC to find the optimal value m is defined as
Similarly, we can find the optimal value m of FRC as follows:
Note that the algorithm to find the optimal value m is iterative and easy to implement. In a practical system, we can determine the optimal value to a limited predefined maximum (minimum) number. Then, the optimal value of m can be found by evaluating the GoS of the two different channel allocation schemes.
Performance evaluation
The runtime performances of base station with different channel allocation schemes are shown in Figure 5(a)-(c) . It can be seen that the number of blocked new call and dropped handover call increase slowly after the beginning of the simulation. From Figure 5 , we can find that the number of blocked new call and dropped handover call of FSC increase faster than that of FSC and NPC. At second 2, the number of blocked new calls of FSC, FRC and NPC are 5, 2 and 2, respectively. Figure 6 shows the new call blocking probabilities of the base station with different numbers of reserved channels. It can be seen that the new call blocking probability increases with the increase in the RC number. The more the reserved channel there are, the fewer will be the shared channels that the coming new call will be assigned to. We can find that the new call blocking probability of FSC is greater than that of FRC and NPC. Since the FRC scheme allocates RC to the coming handover call firstly, the coming handover call will share unused channels of SC with the new call when all channels the RC are fully occupied, whereas in the FSC scheme, the coming handover call will firstly share available channels of SC with coming new calls. Therefore, FSC has higher new call blocking probability than that of FRC. Since there is no reserved channel in the NPC channel allocation scheme, the new call blocking probability of NPC is lower than those of FSC and FRC. Figure 7 shows the handover call dropping probabilities of base stations with different numbers of reserved channels. According to this figure, we can see that the handover call dropping probability decreases with the increase of RC. It also shows that the number of RC is a critical factor to determine the handover call dropping probability. The larger the RC number is, the smaller the handover call dropping probability is. It also can be seen from the figure that the handover call dropping probability of FRC is greater than that of FSC. Since the handover call in the FRC channel scheme will be allocated with available reserved channels firstly, only when all reserved channels are busy, will the handover call share the unused shared channel with the coming new call. The handover call dropping probabilities of FSC and FRC are lower than that of NPC. The FSC and FRC assign higher priority to the handover call through the reserved channel and let the coming new call give way to the coming handover call, so the probability of dropping an ongoing call is very small. The more the reserved channel is, the less the GoS of channel allocation scheme makes. When the number of reserved channels is 2, the GoS of FSC is greater than that of NPC. The GoS of FRC is greater than that of NPC when m is in the interval of [3, 4] . In all cases, the GoS of FSC and FRC are lower than that of NPC, we can find that the usage of reserved channel can decrease the GoS greatly, and there must be a tradeoff between the number of calls being served and the QoS of the base station. 
Conclusion and future work
In this paper, three kinds of channel allocation schemes are discussed: NPC, FSC and FRC. We propose three channel allocation models to analyse the channel allocation process of wireless networks and employ the two-dimensional Markov model to analyse the new call blocking probability, handover call dropping probability, and channel utilisation. The performance metric of GoS is employed to evaluate the three schemes. Extensive numerical results show that the usage of reserved channel can improve the GoS of base station greatly. In order to improve the bandwidth utilisation of the base station, the tradeoff between the number of service channels and the QoS of base station should be addressed. Furthermore, the channel allocation scheme is a critical factor to improve the network's performance and resource utilisations. This probability model is discussed in the circuit switching network, in which each call will hold the channel until the call is finished or handed over to another cell. We are currently investigating whether this model can be adapted to packet switching networks.
